Background/Aims: Berberine, a naturally occurring isoquinoline alkaloid, acts against oxidative stress (OS) and endoplasmic reticulum stress (ERS), both of which are responsible for Aldosterone (Aldo) -induced podocyte injury. However, the direct effects of berberine on Aldo-induced OS, ERS, and podocyte injury are not well defined. Methods: Uninephrectomized Sprague-Dawley rats were given 1% NaCl (salt) in their water and an Aldo infusion (0.75 μg/h) for 28 days to induce podocyte injury in the Aldo group. In the Aldo/berberine group, in addition to Aldo infusion, rats were administered 150 mg/kg berberine per day by gastric gavage for 4 weeks. Podocytes were incubated in media containing either buffer or Aldo in the presence or absence of berberine for variable time periods. The kidney tissues and podocytes were then investigated using morphological analysis, immunohistochemistry, transmission electron microscopy, western blot, DHE staining, DCFDA fluorescence, and Annexin V staining. Results: Here, we have reported that berberine attenuated Aldo-induced OS, ERS, and podocyte injury both in vivo and in vitro. Additionally, berberine treatment improved the extensive fusion of foot processes in electron micrographs resulting from Aldo/salt infusion in rats. Conclusion: Berberine may be examined as an effective agent against Aldo-induced podocyte injury.
Introduction
The activation of the renin-angiotensin-aldosterone (Aldo) system (RAAS) plays a pivotal role in patients with hypertension [1] , diabetes and other progressive nephropathies [2, 3] and may cause various physiological effects through both genomic and non-genomic mechanisms [4] . Although interruption of the RAAS by angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs) significantly reduces morbidity and mortality [5, 6] as well as the severity of proteinuria and nephrology in patients with chronic kidney disease (CKD) [7, 8] , Aldo concentrations 'escape' to baseline during longterm therapy [9] . Recently, Aldo has become a focus of research as a dependent risk factor for CKD.
Podocytes are highly specialized cells that line the urinary side of the glomerular basement membrane. The lack of podocyte regeneration following cell injury or apoptosis is a major limitation in the approach to glomerular healing. In accordance with another research [10] , we have demonstrated that both oxidative stress (OS) [11] and endoplasmic reticulum stress (ERS) [12] are involved in Aldo-induced podocyte injury. OS is characterized by the increased formation of reactive oxygen species (ROS), exceeding the endogenous antioxidant capacity, and DNA oxidative damage [13] , whereas ERS is characterized by the increased expression of ERS markers, such as GRP78, CHOP, and so on [14] . Novel therapeutic strategies aimed at attenuating OS and/or ERS may ameliorate Aldo-induced podocyte injury.
Berberine is an isoquinoline alkaloid obtained from a number of important medicinal plant species [15, 16] and exhibits a variety of biochemical and pharmacological effects, such as antihypertensive [17] , anti-inflammatory [18] , and antidiabetic activities [19] . Although the low bioavailability [20] limited its wide use in clinical practice, berberine is already studied in a lot of clinical studies due to its various effects including lipid-lowering [21] , changing the blood concentration of cyclosporin A in renal transplanted recipients [22] , improving insulin resistance in type 2 diabetes mellitus patients [23, 24] , and ameliorating inflammation in patients with acute coronary syndrome [25] . Several studies have reported that berberine exerts its beneficial effects in diabetic nephropathy (DN) through the suppression of OS and ERS [26, 27] . As the activation of RAAS participates in kidney injury in human kidney tissues and experimental animal models of DN [28] , the question arises whether berberine exerts its anti-OS and anti-ERS abilities in DN via directly attenuating hyperglycemia and/or indirectly suppressing excessive RAAS activation-induced OS and ERS. Furthermore, it remains unclear whether berberine directly inhibits RAAS-induced renal cell injury.
Here, we will focus on the direct effect of berberine on Aldo-induced podocyte injury. Hence, the aim of this study is to use in vivo and in vitro experiments to address whether berberine can protect podocytes against Aldo-induced injury and, if so, whether it exerts the effect through improving OS and ERS.
Materials and Methods

Antibodies and reagents
Aldo, berberine, and anti-β-actin antibody were purchased from Sigma (St. Louis, MO). Antibodies against CHOP and GRP78 were purchased from Cell Signaling Technology (Beverly, MA). Anti-podocin antibodies were obtained from Abcam (Cambridge, MA). All other chemicals were of analytical grade.
Animals
Study protocols were reviewed and approved by the Institutional Animal Care and Use Committee at Soochow University, China. In brief, 18 male Sprague-Dawley rats (5 -6 weeks old, approximately 190 g) received a right uninephrectomy under light 3% isoflurane anesthesia. Two weeks after the surgery, rats weighing 260 -290 g were randomly divided into three groups for 4 weeks. In the Aldo group (n = 6), a subcutaneously osmotic minipump (model 2004; Alzet, Cupertino, CA) was implanted (at 0 weeks) under light 3% isoflurane anesthesia to infuse Aldo. In the Aldo/berberine group, in addition to the implantation of the minipump, rats were administered 150 mg/kg berberine per day by gastric gavage for 4 weeks. No pump was implanted in the animals of the control group (n = 6). Both groups received 1% NaCl in their drinking water throughout the experimental period. Systolic blood pressure (SBP) was measured in the conscious state by tail-cuff plethysmography (BP-98A; Softron Co., Tokyo, Japan) at weeks 0 and 4 during the treatment period. Twenty-four-hour urine samples were collected starting after a 24-hour acclimatization period in metabolic cages. Urinary protein excretion was determined using enzyme-linked immunosorbent assay (ELISA) kits from Exocell (Philadelphia, PA, USA). Urine and plasma creatinine levels were analyzed using an assay kit (Jiancheng, Nanjing, China).
Morphological analysis and immunohistochemistry
Kidney sections (3 μm thick) were stained with periodic acid-Schiff (PAS), and immunohistochemistry tests were performed according to an established procedure. The severity of glomerular injury was evaluated according to a previously described method [29, 30] . In brief, the severity of injury for each glomerulus was scored from 0 to 4: 0, no lesion; 1, < 25% involvement of the glomerulus; 2, 25 -50% involvement; 3, 50 -75% involvement; and 4, > 75% involvement. Fifty glomeruli were analyzed per kidney section. A glomerular sclerosis score (GSS) for each animal was calculated by multiplying each severity score (0-4+) by the percentage of glomeruli displaying that degree of injury and summing these scores. The above histological analysis was performed in a blinded manner to avoid bias.
Immunohistochemical staining was performed on formalin-fixed, paraffin-embedded 3 μm sections, which were rehydrated, and the antigens were retrieved using heated citrate. The sections were incubated with goat anti-podocin antibody (1:200) overnight at 4°C, and the staining was visualized using horseradishperoxidase coupled secondary antibodies (Vectastain Elite, Vector Labs). Related isotype immunoglobulins (Jackson Immuno Research, USA) were used as the negative controls. Integrated optical density (IOD) was used to represent the relative amount of positive staining, and twenty randomly chosen glomeruli were analyzed at a magnification ×400. All immunohistochemical analyses were repeated at least three times, and representative images were presented. All analyses were performed in a masked manner.
DHE Staining in Kidney Sections and Urinary 8-hydroxy-2'-deoxyguanosine (8-OHdG) excretion
Frozen kidney segments in OCT compound were cut into 3 μm sections and stained with DHE (50 μM, Invitrogen, Carlsbad, CA) for exactly 30 min at room temperature in the dark. Images were taken using a laser scanning confocal microscope system (Bio-Rad Laboratories, Hercules, CA). DHE fluorescent images were visualized by excitation at 488 nm and emission at 610 nm to detect the oxidized DHE product ethidium. We evaluated the density using Image pro plus 6.0 software. We used "irregular AOI" to choose the glomerulus and measured the intensity and the relative fluorescence values were corrected by the number of cells in each glomerulus. The average DHE fluorescence intensities of the glomerulus were calculated using at least 20 glomeruli from each sample.
Urinary 8-hydroxy-2'-deoxyguanosine (8-OHdG) excretion was determined using commercially available kits (Nikken Seil, Shizuoka, Japan, and microTP-test, Wako, Osaka, Japan).
Glomerular isolation
Glomeruli were isolated as previously reported [31] . The purity of the glomerular preparation was >95% as determined by light microscopy. Briefly, kidneys were first perfused with a mixture of Dynabeads (diameter 4.5 µm) and iron powder (diameter 6 µm). The tissues were then rinsed on a 70 μm nylon mesh after magnetic treatment to remove small tubular fragments.
Transmission electron microscopy
Kidney sections (3 μm thick) were stained with periodic acid-Schiff (PAS), and immunohistochemistry was performed according to an established procedure [13] . Slit pore diameter was measured as previously described [30, 32] .
Podocyte culture and treatment
The conditionally immortalized mouse podocyte cell line MPC5 was cultured as previously described [11] . Podocytes were maintained without interferon-γ at 37°C for 14 days before experimentation to induce differentiation. Differentiated podocytes were made quiescent in medium that contained 0.1% FBS for 24 h, and the cells were then exposed to treatment for the indicated time periods. The LDH toxicity assay Cultured cells were treated with different concentrations (5, 10, 25, 50, 75, and 100 μM) of berberine or without berberine for 48 h, and the LDH activity was assayed by the absorbance change at a wavelength of 440 nm using an LDH assay kit (Jiancheng, Nanjing, China).
Hoechst 33258 staining
Podocytes grown on glass cover slips in the different groups were stained with Hoechst 33258 and viewed by fluorescence microscopy to measure apoptosis.
Annexin V-fluorescein isothiocyanate conjugated with propidium iodide staining
After treatment, podocytes of different groups were quantified by Annexin V staining according to the manufacturer's instructions (BD Biosciences, San Diego, CA). After blowing the cell suspension evenly, we placed a drop on glass slides and observed the cells by fluorescence microscopy. The remaining cells were used for the measurement of apoptosis on a FACScan flow cytometer (Epics Altra, Beckman Coulter, Brea, CA).
ROS
Podocytes were seeded into six well plates, and allowed to grow until they reached confluent cell density. Plates were treated with 10 µl DCFDA for 30 min at 37°C in the dark. Podocytes were then washed twice, and fluorescence was measured using a fluorescence plate reader at the excitation and emission wavelengths of 485 and 535 nm, respectively.
Western blot analysis
Podocytes harvested from plates and sieved glomeruli were lysed in SDS sample buffer containing 150 mM NaCl, 0.1% Triton X-100, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 50 mM Tris-HCl (pH 7.0), and 1 mM ethylenediaminetetraacetic acid (EDTA). Protein expression was detected by Western blot according to established protocols. The primary antibodies used were as follows: GRP78 (1:1000), CHOP (1:1000), podocin (1:1000), and β-actin (1:10000). Densitometric analysis was performed using the Quantity One Software (Bio-Rad). The relative intensity of each band was normalized to the band of β-actin.
Statistical Analyses
Data are expressed as the mean ± standard error of mean (SEM). Comparisons between groups were performed using one-way ANOVA followed by Dunnett's multiple comparison tests or Student's t-test. P<0.05 was considered statistically significant.
Results
Physiological parameters
As shown in Table 1 , the Aldo/salts group showed an increased urinary Albumin/ creatinine ratio compared with the control group (P < 0.05) and was improved by berberine treatment (P < 0.05). In addition, the Aldo group showed significant increases in the kidney/ body weight ratio and urine volume; however, berberine had no additional effect on these two parameters. Urinary Aldo levels were higher in the Aldo group and the Aldo plus berberine group, verifying correct pump function. Compared to the control group, Aldo/salt treatment resulted in marginally higher SBP over time (final measurement, 188±5 mmHg and 140 ± 3 mmHg, respectively), and the administration of berberine had no effect on SBP compared to Aldo-treated rats (final measurement, 177± 6 and 188± 5 mmHg, respectively). There was no significant difference in serum creatinine levels among all groups.
Berberine treatment ameliorated Aldo-induced histologic injury in rats
PAS staining and semi-quantification revealed marked Aldo-induced glomerular enlargement and increased mesangial area and resulted in increased glomerular sclerosis scores compared with the control group (Fig. 1A and B) . In contrast, the berberine groups showed an improved histological appearance (Fig. 1A) and significantly lower Aldo-induced increase in glomerular injury scores (Fig. 1B) .
Berberine treatment ameliorated Aldo-induced podocyte injury in rats
Having proven that Aldo contributes to podocyte injury, which is responsible for glomerular sclerosis [11] , we then examined whether berberine could protect podocytes against Aldo-induced injury. As shown in Fig. 2A and B, the Aldo group showed reduced expression of the glomerular slit diaphragm protein podocin and extensive fusion of foot processes in electron micrographs compared with the control group. However, berberine treatment ameliorated all the changes mentioned above (Fig. 2C and D) .
Berberine treatment ameliorated Aldo-induced OS in rats
As OS is among the major pathways that contribute to Aldo-induced podocyte injury [11] , the ROS level in the glomeruli and urinary 8-OHdG excretion were evaluated. Both urinary 8-OHdG excretion and DHE fluorescence in the glomeruli were markedly increased in the Aldo group (Fig. 3A and B) . As expected, both ROS formation and 8-OHdG level were reduced in the Aldo plus berberine group compared with the Aldo group (Fig. 3A and B) .
Berberine treatment ameliorated Aldo-induced ERS in rats
As we have previously demonstrated that ERS is also involved in Aldo-induced podocyte injury, we reasoned that attenuating ERS might also contribute to the protective effect of 
Berberine exerted limited effect on podocytes viability
To extend our in vivo results to the in vitro condition, cultured mouse podocytes were used to evaluate the protective effects of berberine on Aldo-induced injury. First, we need to determine which intervention concentration is the best one. As shown in Fig. 5 , under normoxic conditions, treating podocytes with doses of berberine below 75 μM for 48 h caused little effect on cell viability; however, 100 μM berberine significantly enhanced cytotoxicity (P < 0.05). Thus, we chose the condition of 75 μM for 48 h as one of the most frequent procedures performed in our vitro experiments.
Berberine protected against Aldo-induced podocyte apoptosis in vitro
Both annexin V/flow cytometry detection and Hoechst 33258 staining were applied to label the apoptosis of podocytes. In accordance with the protective effect of berberine against Aldo-induced podocyte injury in vivo, berberine pretreatment reduced Aldo-induced podocyte apoptosis in vitro (Fig. 6A through C) .
Berberine attenuated Aldo-induced podocyte injury, OS, and ERS in vitro
It is known that both OS and ERS contribute to Aldo-induced podocyte injury. The ROS level and the expression of GRP78 and CHOP were evaluated to investigate whether berberine protects podocytes against Aldo-induced injury via inhibiting OS and/or ERS in vitro. As shown in Fig. 7A through D , the ROS level and the protein levels of GRP78 and CHOP in the Aldo group were upregulated compared with control group. After berberine treatment, the ROS level and the expression of GRP78 and CHOP decreased. Furthermore, 
Discussion
In this study, our results suggest that both OS and ERS participate in Aldo-induced podocyte injury; however, berberine can attenuate all the changes both in vivo and in vitro, indicating the potential of berberine as a new strategy to ameliorate Aldo-induced podocyte injury.
The activation of the RAAS system is a major hallmark in the development and progression of organ damage in CKD, and Aldo concentrations are inappropriately high in many patients with CKD or hypertension, as well as in an increasing number of individuals with metabolic syndrome and sleep apnea [33] . Growing evidence suggests that Aldo induces OS, ERS, podocyte injury, and subsequent glomerular sclerosis [10, 11] . MR antagonism improves kidney injury in patients with CKD and in many animal models of progressive nephropathies [34] . Consistently with previous studies [10, 11] , Aldo contributes to podocyte injury in vivo, as indicated by the increases in the urinary protein/creatinine ratio (Table 1) ,glomerular sclerosis (Fig. 1) , the reduced expression of the glomerular slit diaphragm protein podocin (Fig. 7) , and extensive fusion of foot processes in electron micrographs (Fig. 2) . The results in vitro study also support Aldo-induced podocyte injury, as evidenced by increased apoptosis and the reduced expression of podocin ( Fig. 6 and 7) .
Natural products and their synthetic derivatives have been a continuous source of novel compounds for the treatment of various diseases [35] [36] [37] . In this investigation, we showed that a naturally occurring isoquinoline alkaloid, berberine, significantly attenuated all the Aldo-induced changes mentioned above (Table 1 , Fig. 1, 2, 6 and 7) . Although, our data still demonstrated that berberine had some effect on body weight loss, maybe due to its lipid-lowering effects [38] and inhibition of food and water intake [39] . Importantly, we found that berberine was not toxic to podocytes under the conditions used, except for a moderate reduction in cell viability at higher concentrations (Fig. 5) . These results suggest that berberine may be a safe and effective agent for curing Aldo-induced podocyte injury. However, the mechanisms involved in the protective effect of berberine on Aldo-induced podocyte injury remain far from clear.
It has been acknowledged that Aldo-induced ROS production occurs via NADPH oxidase, and OS plays a leading role in the pathogenesis of Aldo-induced kidney injury [40, 41] . Scavenger receptor (SR) is believed to be exerting an anti-OS effect via increasing the clearance of oxidized lipoproteins and the resolution of inflammatory processes, changing cellular functions such as gene expression and signaling [42] . Although we did not detect the SR expression in our experiments, a previous study has proven that berberine could induce SR-A expression in macrophages [43] . Additionally, berberine could scavenge the reactive oxygen species (ROS) and inhibit the c-jun NH (2)-terminal kinase (JNK), the loss of mitochondrial membrane potential and the release of cytochrome c (Cyt C) and caspase-3 [44] . In our study, Aldo-treated rats showed a high glomerular ROS production marker (Fig.  3B) and a significant increase in urinary 8-OHdG excretion, a marker of systemic OS (Fig. 3A) . Berberine treatment reduced the OS induced by Aldo both in vivo (Fig. 3) and in vitro (Fig. 7) . Hence, our results indicated that berberine attenuated Aldo-induced podocyte injury at least partially via suppressing OS.
Under ER stress conditions, an imbalance between protein-folding capacity and protein-folding load leads to the induction of the unfolded protein response (UPR), which serves as an adaptive response. However, if ERS is severe or the duration of ERS is too long, it also induces cell apoptosis, and a large amount of data suggests that CHOP is a crucial component of the ERS-induced cell death pathway [45, 46] . Dysfunctions of the endoplasmic reticulum (ER) in maintaining protein homeostasis can result from OS [14, 47] . Here, we found that the expression levels of the ERS-associated proteins GRP78 and CHOP were up-regulated following Aldo stimulation both in vivo and in vitro, which was significantly inhibited by treatment with berberine (Fig. 3, 4 and 7) . The results suggest that berberine may also protect podocytes against Aldo-induced injury partially through attenuating overt ERS. Oxidative stress induces ER stress through the accumulation of reactive oxygen species
